Abstract. This study investigated whether charge sites in the walls ofthe microvasculature may play a role in maintaining the impermeability of the nonrenal capillaries to albumin. All experiments were performed in nephrectomized rats, studied in the awake state. The intravenous injection of protamine sulfate (4 mg/100 g body wt dissolved in 0.9% saline) was followed by a mean increase of 29. 1% in hematocrit and a decrease of 28.4% in plasma albumin concentration over a 10-min period, indicating a significant 50-60% loss of albumin from the vascular space; a finding confirmed by studies using exogenous 125I-labeled albumin. Changes persisted for the remaining 80 min of observation, and could be reproduced by the injection of two other polycations, hexadimethrine and poly-l-lysine. These effects were not prevented by the antihistamine diphenhydramine hydrochloride. In contrast to '25I-labeled albumin, '4C-labeled neutral dextran of comparable size was not confined to the vascular space; its apparent volume of distribution progressively increased during the 90 min of observation. Intravenous injection of protamine sulfate was followed by a significantly smaller loss of '4C-dextran (36.5%) than albumin (59.1%) from the vascular space (P < 0.01). Protamine sulfate could not be demonstrated to result in any changes in the physicochemical characteristics of albumin. These observations suggest that the negative charge sites present in nonglomerular capillary walls have functions similar to equivalent sites present in the glomerular capillaries. Thus, charge sites could contribute to the low permeability of the
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The size ofa molecule is important in determining the ability of that molecule to cross the capillary wall. For example, the permeability of muscle capillaries to albumin approximates only 0.33% that of the much smaller inulin molecule and <0.01% that of water (1) . Recent studies, however, have demonstrated that the conventional mathematical formulas that have beer developed to describe permeability of the microvasculature do not always explain experimental data (6) . Such observations have raised the possibility that factors in addition to the traditional ones may need to be included in equations that relate the transvascular movement of solutes, especially proteins, to the primary driving forces. Forces similar to those described for peripheral capillaries are responsible for the generation of glomerular filtrate (7) . The functional characteristics ofthe glomerular capillaries, however, differ from those in other capillary beds. In addition, pore density and the hydrostatic pressure to which the glomerular capillaries are exposed are much higher. For these, and perhaps for other reasons, hydraulic permeability and the rate of fluid movement across the glomerular capillary is an order of magnitude greater than that observed in other capillaries (8) . Despite these differences, the glomerular capillaries are remarkably impermeable to proteins (9) . It has been proposed that this is due to the presence in the glomerular capillary walls of negatively charged molecules such as glycosaminoglycans (10) , which provide an electrical barrier to supplement the mechanical ones and prevent the passage into the glomerular filtrate of proteins such as albumin, which are negatively charged at pH 7.4 (11, 12) . Many observations support this concept. As reviewed elsewhere (12) , negatively charged molecules are less able to penetrate the glomerular barrier and have a lower clearance than do uncharged or positively charged molecules of comparable size. Charge discrimination is lost in disease states associated with loss of glomerular polyanion (13) . In minimal change nephrotic syndrome in man, a lesion characterized by highly selective proteinuria, the albuminuria is attributable to an -50% reduction in the concentration of fixed negative charges in the glomerular capillary wall (14) . Finally, intravenous or intrarenal arterial injection of polycations is followed by neutralization of glomerular charge and by a marked increase in albuminuria (15) .
The present study was undertaken to determine whether charge may play an equally important role in determining permeability to protein in the nonrenal capillary beds. The results suggest that this is the case. Thus, electrical charge of both the microvascular wall and the circulating proteins may need to be incorporated into the mathematical formulas that describe fluid and solute fluxes across capillary walls (6).
Methods
All experiments were performed on young female Sprague-Dawley rats ranging in body weight from 210 to 350 g. On the day ofthe experiment, the animal was weighed and a bilateral nephrectomy was performed through a midline abdominal incision using light ether anesthesia. The wound was then closed and one femoral artery was cannulated for sampling of arterial blood. To replace any surgical blood or fluid loss, a bolus of 1 ml of 0.9% saline was given through a tail vein cannula, which was left in place for injection of test substances. Both cannulae were filled with heparin-saline (10 U. S. Pharmacopoeia U/ml) to maintain patency until subsequent use. After surgery, the animals were transferred into a bivalved plastic cylinder where they were restrained in an upright position and allowed to recover from the anesthetic. The methodologies used for these procedures were identical to those reported previously (16) except that in the present studies the animals' body temperatures were maintained by placing a heating pad under the operating table and around the plastic cylinder used for the physiologic studies.
Protocol A. The rats were allowed to recover from the anesthetic for 90 min. At this time, 0.15-0.2 ml blood was collected into heparinized capillary tubes from the femoral artery catheter. The arterial cannula was refilled with the heparinized saline and a volume of 0.9% saline, equal to the volume of blood withdrawn, was injected through the tail vein catheter. Further arterial blood samples were obtained in similar fashion 10, 20 , and 28 min later. At 30 min, each animal was given an intravenous injection of either 0.9% saline or a polycation dissolved in 0.9% saline. The volume of injectate in every animal was 0.4 ml/100 g body wt. The polycations used were either protamine sulfate (Eli Lilly, Indianapolis, IN) given in a dose of 4 mg/100 g body wt; poly-l-lysine, 3,400 mol wt; (Sigma Chemical Co., St. Louis, MO) given in a dose of 1.5 Each blood sample was centrifuged and its hematocrit determined. In all of the animals injected with hexadimethrine, or poly-l-lysine, in 10 ofthe 17 injected with protamine sulfate, and in 12 ofthe 21 injected with saline, plasma albumin concentration of each sample was measured, in duplicate, by radial immunodiffusion (17, 18 ).
An additional group of rats was prepared as described. 60 min after surgery was completed an intravenous infusion of diphenhydramine hydrochloride, (10 mg/ml; Benadryl, Parke-Davis, Morris Plains, NJ) was begun and continued for 75 min at a rate calculated to provide a total dose of 25 mg/kg body wt. The remaining details of the study were identical to those already described so that the Benadryl infusion was begun 30 min before the first blood sample was obtained and was continued throughout the control period and the first 15 min of the experimental period. Protamine sulfate was the test substance injected in seven of these animals and normal saline was injected in the remaining five animals. Hematocrits and plasma albumin concentrations were measured in all of the blood samples obtained from these 12 animals.
Protocol B. Rats were prepared as described already. They were given an intravenous injection of a known amount of '25I-labeled albumin after they had been placed in the restraining cylinder. An arterial blood sample was then obtained 60 min later, after which the rat was given an intravenous injection of either saline or protamine sulfate dissolved in saline, as described previously. Further blood samples were obtained 2, 5, 8, 11, 20 , and 30 min after this injection. Hematocrit was measured in each blood sample and duplicate, measured volumes of plasma were counted for '25l-albumin in a gamma-spectrometer (model 5219, Packard Instruments Co., Inc., Downer's Grove, IL).
For these studies, rat albumin (Cappel Laboratories, Cochranville, PA) was labeled with '25I with the iodogen method (19) . 0.1-0.2 ,gg of the labeled albumin and 1 Mg of unlabeled albumin were diluted to 1 ml with 0.9% saline in a l-ml syringe. Each syringe was counted before and after its contents were injected into the rat to determine the amount of labeled albumin given. The dose injected averaged 300,000 (range 200,000-600,000) cpm. Protocol C. Animals were prepared as in protocol A. After they had been in the restrainer for 90 min after surgery, they were given an intravenous injection of a known amount of '4C-labeled neutral dextran that had a molecular radius of 36 A. Blood samples were obtained 30, 40, 50, and 58 min later. At 60 min, the rats were given an intravenous injection of either saline or protamine sulfate in saline as described already and further blood samples were obtained 2, 5, 8, 11, 20, and 30 min later. After hematocrit determination, measured volumes of plasma (30-60 Ml) were added in duplicate to 10 ml of a standard liquid scintillation fluid (16) containing 100 ml/liter Bio-solv 3 (Beckman Instruments, Inc., Fullerton, CA) and were counted for '4C-activity in a liquid scintillation counter (model 3375, Packard Instrument Co., Inc.). Preliminary studies demonstrated that the volume of plasma used did not result in any quenching in the scintillator system.
The dextran for these studies was prepared from [carboxy1-'4C]-dextran with an average molecular weight of 70,000 D and specific activity averaging 0.1 mCi/100 mg (New England Nuclear, Boston, MA). This preparation was subjected to column chromatography with Sephacryl S-200 (Pharmacia Fine Chemicals, Piscataway, NJ). 0.9% saline was used as the eluant. The dextran fraction that had an identical elution volume to albumin on this initial separation was collected and subjected to the column again with identical methods. The dextran fraction that was eluted from this second separation in the same volume as albumin was used in the animal studies. A known amount of this preparation (average 250,000 cpm in a volume of 0.5 ml) was injected intravenously into each of the rats. The exact amount injected was determined by weighing the syringe before and after injection and by counting an aliquot of the injectate.
Calculations. The amount of albumin, '251-albumin, or '4C-dextran remaining in the plasma at time t after the injection of the polycation or saline (AJ) was compared with the amount present just before the injection (AO) using the following formula:
At Ct(l -HctJ)Hcto (Eq. I) AO C0(l -Hcto)Hctt where Co, Ct, Hcto, and Hct1 are the concentrations of either albumin or dextran, and the hematocrits just before and at time t after the injection. As described below, qt corrects for reduction in erythrocyte mass due to repeated sampling of blood throughout the study.
This formula was derived as follows: the amount of albumin or dextran present in the plasma (A) equals its concentration (C) multiplied by plasma volume (PV), or
Since PV = BV (1 -Hct), where BV equals blood volume and Hct, hematocrit; and BV = RBC/Hct, where RBC equals erythrocyte mass. Then Eq. 2 can be rewritten:
The amounts of albumin or dextran remaining in the plasma space at time t after the injection of the polycation or saline (AJ) can thus be expressed as a fraction of the amount present before the injection (AO)
as follows:
Because of repeated blood sampling, the erythrocyte mass decreased throughout the experiment in each animal. An estimate for the proportion of erythrocyte mass remaining in circulation at time t (qJ) was derived from the ratio of the cumulative volume of blood sampled by time t (St) and the animal's original blood volume (ByO), which equals 0.058 x body wt in kilograms (20) : qt = 1-(S)/(BVo). Thus Characterization ofproteins. Animals were prepared and studied as described in protocol A, except only two blood samples were obtained in the control period. The animals were then injected with protamine sulfate as described and two further blood samples were obtained 30 and 60 min later. The samples were subjected to slab gel electrophoresis both in 10% polyacrylamide gel (21) and in the same gel containing 0.3% sodium dodecyl sulfate (SDS) (22) . The slabs were then stained for identification and location of the protein bands (21, 22) . Purified rat serum albumin (Cappel Laboratories), or the same albumin to which protamine sulfate had been added in a ratio of 5 mg protamine sulfate/ 1 mg albumin, was also subjected to both types ofelectrophoresis. Finally, rat serum albumin (50 mg), either alone or mixed with protamine sulfate as already described, was subjected to column chromatography with Sephacryl S-200 in 2.6 X 160-cm columns. Effluent was monitored for absorption at 280 nm to identify the volume of distribution in which the albumin was eluted. (24) .
Results
Hematocrit. During the 30-min control period in which blood was sampled on four occasions and replaced by saline, the animals' hematocrits fell slowly but progressively (Fig. 1 ). In the 21 control rats, the intravenous injection of vehicle (saline) was associated with a further abrupt but small decline in hematocrit followed by a continuing fall during the subsequent 30-min of sampling. The hematocrit fell from 45.0±3.1% at the beginning of the control period to 40.6±3.5% 1 h later at the end of the study. In contrast, the injection ofprotamine sulfate was followed by a rapid and marked increase in hematocrit. In the 17 animals given this polycation, hematocrit averaged 43.7±2.6% immediately before the injection. It increased to 45.1±3.7% 2 min after the injection and rose progressively to a peak of 57.4±5.6% Fig. 1 and remained relatively unchanged for an additional 30 min in the eight animals who were followed for a total of 60 min after the injection. Beginning 5 min postinjection, hematocrits were significantly higher in protamine sulfate-treated than in control animals as shown in Fig. 1 . Both hexadimethrine and poly-l-lysine induced changes in hematocrit similar to those observed with protamine sulfate and significantly different from those of the control group (Table I) . The effect was observed more rapidly with poly-l-lysine than with the other polycations.
Plasma albumin concentration. Plasma albumin concentration showed no significant change during the entire period of study in the control rats who were given normal saline (Table  II) . In contrast, in each of the groups of animals injected with a polycation, plasma albumin concentration fell significantly (P < 0.0001). Most of this decline occurred within 8 min after injecting the polycation. For the 21 polycation-treated animals, plasma albumin concentration averaged 3.8 g/dl before injection; 30 min after injection of the polycation, the value had fallen >20% to 3.0 g/dl.
Albumin remaining in vascular space. The percentage of plasma albumin that remained in the vascular space after injection of the test substances was calculated from the preceding data. In the saline-injected control animals, intravascular albumin content remained constant throughout the 30 min of observation (Fig. 2) . The injection of protamine sulfate was followed by a rapid and significant (P < 0.0001) decrease in albumin content of the vascular space. Values decreased to 56.0±11.7% within 5 min of injection and stabilized at -40% after 11 min after the injection (Fig. 2 , Table III) .
Statistically significant (P < 0.0001) losses of albumin from the vascular space also occurred after the injection of either hexadimethrine or poly-l-lysine (Table III) .
'25I-Albumin. Since each ofthe polycations had comparable effects, subsequent studies compared the effects of only protamine sulfate to those of saline. In the eight animals injected with normal saline, all the labeled albumin remained in the vascular space (Fig. 3 ). There was a dramatic loss of 125I-albumin from the vascular space after injection ofprotamine sulfate (Fig.  3) . The magnitude and pattern ofthis loss was virtually identical to that described for endogenous albumin (Fig. 2) . Experiments performed on six additional rats, three injected with saline and three with protamine sulfate, demonstrated that results 90 min after these injections were not different from those observed 30 min after the injections.
The use of labeled albumin allowed estimation of apparent volumes of distribution for albumin both before and after injections of either saline or protamine sulfate. This permitted the influence ofprotamine sulfate to be analyzed independently of change in hematocrit. Results are shown in Table IV . The volumes of distribution of albumin were not significantly dif- '4C-neutral dextran (Fig. 4) . Even though 30 min was allowed for initial mixing of the dextran before any samples of blood were obtained, there was a progressive decline in the concentration of '4C-dextran in the plasma of the control rats injected with saline. Thus, only 56.3±15.3% of the amount of dextran present at the beginning ofobservations remained in the vascular space 60 min later. The relationship between the percentage of dextran remaining in the vascular space, plotted on a logarithmic scale against time, was linear (r = 0.997; P < 0.001). The injection of protamine sulfate was followed by an increased rate of loss ofdextran from the vascular space. The major effect was observed during the first 11 min after the injection and was statistically significant as shown in Fig. 4 the saline and protamine sulfate rats were first recalculated in a manner analogous to that for endogenous and '25I-albumin. Values are given in mean±SD. * Details are as in Table I . Values are given in mean±SD. * Details as in Table I. of albumin from the vascular space in these animals did not differ significantly from the loss in animals without pretreatment (Fig. 6 ). In both groups -50% of albumin was lost from the vascular space. No further loss, however, occurred in the animals pretreated with Benadryl; the loss of albumin continued in the animals not given the antihistamine. Thus, the loss of albumin at 11, 20, and 30 min was significantly less in the Benadrylpretreated animals than in those not given this drug. However, even in the Benadryl-pretreated animals, 43.2±13.5% ofplasma albumin had been lost from the vascular space 30 min after protamine sulfate injection, compared with 67.3±13.9% in the animals not given this drug (Fig. 6) .
Results from control animals (n = 5) pretreated with Benadryl and injected with normal saline were virtually identical to those, already presented, from control animals not pretreated with this drug. There were no statistically significant differences for values of hematocrit, plasma albumin concentration, or albumin remaining in the vascular space between these two groups of control animals.
Plasma protein characteristics before and after protamine sulfate. The administration of protamine sulfate did not modify the patterns of plasma electrophoresis on either polyacrylamide or SDS-polyacrylamide gel. Similarly the addition ofprotamine sulfate to rat serum albumin in vitro did not alter the migration of this protein in either polyacrylamide or SDS-polyacrylamide gel; nor did it alter the elution volume ofalbumin from Sephacryl S-200 columns. 
Discussion
The injection of each of the three polycations was followed within 10 min by a loss of >50% of plasma albumin from the vascular space. Results using endogenous or '25I-labeled exogenous albumin were comparable. Simultaneously, hematocrit increased by 25%, reflecting a decrease in plasma volume. If this shift of both fluid and albumin from the intravascular to the extravascular space was due to an increase in the transcapillary hydrostatic pressure gradient, the movement of water should have been proportionately greater than that of albumin. This was not the case, however. Rather than increasing, plasma albumin concentration decreased by >20%1. Therefore, a decrease in the transcapillary colloid osmotic pressure gradient due to loss ofprotein from the vascular space appears to be the initiating event, followed by secondary movement of water to set a new balance between the hydrostatic and colloid osmotic pressures.
Our data do not permit a detailed analysis of whether the albumin loss was a generalized phenomenon or whether it occurred in only a limited number of capillary beds. The intravenous injection of one of the polycations we studied, poly-llysine, has been shown to induce pulmonary edema (25). It is unlikely, however, that the animals in our study could have survived if the losses of plasma fluid and albumin had occurred entirely into the lungs. The magnitude and the rapidity of the changes we observed suggest a generalized phenomenon. Indeed, polycations have been shown to increase the permeability of other capillary beds too, particularly in the skin and the mesentery (26) .
There are several possible mechanisms to explain this increased escape of albumin across the walls of the microvasculature. One is that polycations might modify the physicochemical characteristics of albumin in a way that increases the ability of this protein to traverse the vascular walls. Our in vitro and in vivo studies ofprotein characteristics both before and after protamine sulfate administration did not provide any evidence to support such an argument.
A second explanation is that polycations stimulated the release of histamine, which in turn increased vascular permeability to albumin. As reviewed elsewhere (27) many agents including polylysine and protamine cause exocytic release of histamine, which increases vascular permeability and results in edema formation. The action ofthis autacoid is primarily on postcapillary venules where it causes contraction of endothelial cells. They separate at their boundaries and expose the basement membrane, which is permeable to albumin and water (27) . Pretreating animals with Benadryl reduced the polycation-induced loss of albumin from the vascular space by less than one third. It failed to prevent most of the loss even though adequate doses of the drug were used (27) . Higher doses of Benadryl did not provide any additional protection from the effects of protamine sulfate. Since it is the H 1-blocking drugs that strongly antagonize the increased capillary permeability and edema formation due to histamine (27) , histamine release can at most explain only a relatively small portion ofthe polycation-induced loss ofprotein from the vascular space.
It is now well accepted that in the renal glomerulus the capillary permeability to a given macromolecule depends, in addition to molecular size, on the charge of the molecule (12) . We (15) and others (28) have demonstrated that in vivo administration ofa polycation is followed by a decrease in negative charge sites in the glomerular capillaries and that this is accompanied by an increase in albuminuria. Enzymatic digestion of heparan sulfate, which is believed to be responsible for the fixed negative sites in the glomerular basement membrane, leads to similar changes (29) . These effects could be a direct consequence of neutralization of the glomerular charge barrier, which would allow an increased filtration of albumin molecules that are negatively charged at pH 7.4 . Such a mechanism would permit albuminuria to occur in the absence of a change in "pore size" ofthe glomerular basement membrane. An alternate explanation is that the negative charge sites are essential in maintaining the integrity of the basement membrane, and that neutralization leads to structural changes and to an increased pore size in the glomerular capillary filter. The two possibilities are not mutually exclusive; indeed some recent evidence suggests that there is an alteration in both size and charge selective barriers in the glomerulus after polycation treatment (30, 31) .
The similarities of the present results to those obtained in the kidney are obvious. We propose that, as in the kidney, negative charge sites in the nonrenal capillary walls are important in maintaining the low permeability ofthese vessels to colloidal solutes. This is supported in the control animals by the observed difference in the distribution of charged albumin and that of neutral dextran of comparable size. While the labeled albumin was confined to the vascular space (Fig. 3, Table IV ), there was a progressive loss from the vascular space of neutral dextran (Fig. 4) . The choice of the dextran fraction that was used for these studies was based on its identical behavior to that of albumin on a Sephacryl column; this should eliminate any major differences in penetrance through vascular walls between the two species secondary to their differences in molecular shape and deformability. Thus, the difference can be best explained by discrimination based on molecular charge.
The changes induced by polycations further support the existence of a charge barrier in the nonrenal capillaries. We suggest that systemic injection of one of the polycations was followed by neutralization ofthe negative charge sites in capillary walls and that this permitted an increased movement of negatively charged albumin out of the vascular space, uncharged dextran being affected to a much lesser degree. The consequence of this loss of albumin and the hypoalbuminemia would be a decrease in plasma oncotic pressure, which in turn would result in a net loss of fluid from the vascular space and a marked decrease in plasma volume. This was reflected by hemoconcentration, as documented by an increase in hematocrit.
Whether the effects of polycations were due entirely to loss of charge without any change in the structure of the capillary walls, or whether an increase in pore size also played a role, is difficult to determine. Even if the primary event was an isolated increase in permeability to charged molecules, the transcapillary water flux secondary to decreased oncotic pressure would be associated with increased movement of neutral solutes by the well-documented phenomenon ofsolvent drag (5) . On the other hand, loss ofcharge discrimination coupled with a small increase in pore size would result in similar changes, namely, the escape of albumin and water from the vascular space with a smaller increase in dextran movement.
The present study is not the first to identify an effect of polycations on vascular permeability (25, 26). However, the mechanisms responsible for these changes were not apparent at the time the earlier studies were published. Recent findings from other centers support our thesis that such changes could be mediated through alterations in charge sites in vessels and that charge may be important in maintaining the relative impermeability of the nonrenal microvasculature to albumin. In a perfusion study of the rabbit ear, dextran sulfate molecules were found to be less readily transported from the capillary lumen than were neutral dextrans (32) . More recently, investigation of the rat hindquarter vascular bed has shown that the reflection coefficient for sulfated dextran is markedly higher than for neutral dextran (33) .
Many tissues have been shown to contain polyanionic groups when stained appropriately. Indeed, the luminal front of blood vessel endothelial cells is negatively charged as are the subendothelial components that are exposed after removal of the endothelium (34). Furthermore, these anionic groups have the ability to redistribute by lateral migration under the influence ofmultivalent ligands. The addition ofpolycationic tracers results in rapid aggregation of most of these sites and leaves much of the luminal surface devoid of anionic sites (35) . Furthermore, the charge of a molecule modifies its uptake and handling by the arterial endothelial cells (36) . Permeability ofartificial membranes may also be modified by alteration in charge, since the addition of protamine sulfate has been shown to increase the permeability of gelatin membranes to albumin (37) .
In their study of solute exchange in the pulmonary circulation, Winn et al. (6) found that the observed data did not fit the typical mathematical models used to describe either a homoporous or a heteroporous membrane. One of their possible explanations for this discrepancy was that the electrical charge ofa protein and ofthe microvascular wall may not be adequately described in the reflection and diffusion coefficients used in these mathematical analyses. Our findings suggest that this may well be the case. Thus, they add to the growing body ofevidence that suggests that electrical charge may play a more prominent role in maintaining the integrity of all capillaries to albumin than has been appreciated previously.
Abnormalities of such a physiologic mechanism could represent an important, and previously unrecognized, cause for either generalized or localized edema. Recent observations have described endogenous substances that increase vascular permeability, but their mode of action is not understood (38, 39) . It is possible that these agents result in cellular dysfunction, which causes loss of charge sites in capillary walls. Alternately, charge sites could be neutralized by these endogenous substances in a manner analogous to that proposed for polycations in the present studies. Thus, in addition to increased understanding of normal physiology, our findings may help to explain the pathophysiology of edema formation in a variety of disease processes.
